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Modeling pO, Distributions in the Bone Marrow Hematopoietic
Compartment. Il. Modified Kroghian Models

Dominic C. Chow, Larissa A. Wenning, William M. Miller, and E. Terry Papoutsakis
Department of Chemical Engineering, Northwestern University, Evanston, lllinois 60208-3120 USA

ABSTRACT Hematopoietic cells of various lineages are organized in distinct cellular architectures in the bone marrow
hematopoietic compartment (BMHC). The homogeneous Kroghian model, which deals only with a single cell type, may not
be sufficient to accurately describe oxygen transfer in the BMHC. Thus, for cellular architectures of physiological significance,
more complex biophysical-transport models were considered and compared against simulations using the homogeneous
Kroghian model. The effects of the heterogeneity of model parameters on the oxygen tension (pO,) distribution were
examined using the multilayer Kroghian model. We have also developed two-dimensional Kroghian models to simulate
several cellular architectures in which a cell cluster (erythroid cluster) or an individual cell (megakaryocyte or adipocyte) is
located in the BMHC predominantly occupied by mature granulocytes. pO, distributions in colony-type cellular arrangements
(erythroblastic islets, granulopoietic loci, and lymphocytic nodules) in the BMHC were also evaluated by modifying the
multilayer Kroghian model. The simulated results indicate that most hematopoietic progenitors experience low pO, values,
which agrees with the finding that low pO, promotes the expansion of various hematopoietic progenitors. These results
suggest that the most primitive stem cells, which are located even further away from BM sinuses, are likely located in a very
low pO, environment.

NOMENCLATURE
i = index number Coefficients
j = number of cell layers L
K = oxygen permeability (mol/cm/s/mmHg) g = coefficientin Eq. 11
K, = oxygen permeability of théh layer (mol/cm/s/ g, = coefficientin Eq. A5 N
mmHg) A = N by N matrix containing all the coefficients
N = total number of cell layers of Eq. A12.
N, = total number of finite elements in the tissue b = coefficient in Eq. 11
cylinder b; = coefficient in Eq. A5
P = oxygen partial pressure (tension) (mm Hg) B = N, by 1 matrix containing the coefficients of Eq.
Ps = saturation oxygen tension (mm Hg) Al2 o
P* = reduced oxygen tension ¢, = coefficientin Eq. AS
P, = reduced oxygen tension at the outer boundary of % = coefficientin Eq. AS _
the tissue cylinder X = N, by 1 matrix containing all oxygen tensions on
P,; = oxygen partial pressure at point (i, j) (mm Hg) the mesh

Q = volumetric oxygen uptake rate (mol/éfs)

Greek symbols
Q; = volumetric oxygen uptake rate of thh layer y

(mol/cnt/s) B; = reduced distance from the center of the tissue
r = distance from the center of the tissue cylinder cylinder to theith interface
(pm) Xij = ratio of effective permeability of théth layer to
r* = reduced distance from the center of the tissue that of thejth layer
cylinder ¢; = Thiele modulus of théth layer

R = distance from the center of the tissue cylinderto 6 = angle (degree)
theith interface um)

INTRODUCTION

In the first part of this two-part series we presented esti-
_ _ : mates for various model parameters and developed a math-
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types, which exist in layers and clustering arrangements
(Adler, 1984; Lichtman, 1984; Tavassoli and Yoffey, 1983;
Weiss, 1991; Wickramasinghe, 1975). This raises the ques-
tion of how well the simple Kroghian model approximates
these complex physiological features.

Since Krogh's original publication, many efforts have
been reported toward improving the predictions of the
Kroghian model by incorporating various physiological fea-
tures and cellular characteristics (Fletcher, 1980; Hoofd and
Kreuzer, 1979; Popel, 1982; Popel et al., 1986). Somewhat
surprisingly, the calculated pQlistributions in muscle tis
sue were not significantly affected by model modifications
to account for facilitated diffusion due to the presence of
hemoglobin and myoglobin (Federspiel, 1986; Federspiel
and Popel, 1986; Fletcher, 1980; Hoofd et al., 1994), asym-
metric diffusion (Rakusan et al., 1984), or oxygen-depen-
dent oxygen consumption (Fletcher, 1978; Hoofd et al.,
1987)' Substantial model modifications are, however, NEeCrIGURE 1 Graphical representation of the multilayer Kroghian model.
essary for tissues with spatial heterogeneity and non-

Kroghian geometry (not cylindrically symmetric) (Gross-
mann, 1982; lvanov et al., 1979; Reneau et al., 1967).

The challenges in mathematically modelingistribu-  sults from these models were compared with those esti-
tions in the BMHC result from the complexity of cellular mated in the homogeneous Kroghian model.
architectures in the BMHC. Hematopoietic cells present in
the BMHC belong to different cell lineages and stages of
differentiation and include, among others, totipotent an
pluripotent hematopoietic stem cells, colony-forming cellsMultilayer Kroghian model

(CFC), and differentiated lineage-committed cells (granwo_ln the multilayer model the extravascular hematopoietic tissue is divided

cytes, monocytes, lymphocytes, megakaryocytes, and erythis, separate cell layers surrounding a sinus (Fig. 1). Based on the same
rocytes). Thus, hematopoietic cells of different lineages andssumptions as the original Krogh model, oxygen transfer and consumption
stages of differentiation exist in the proximity of each otherfor each layer can be mathematically described as follows.

and of stromal cells such as adipocytes, and are unlikely to 1rd/ dp Q(P)

be arranged in the cylindrically symmetric geometry that is [(r ')} =" for R<r=Ry. (1)
assumed in the original Kroghian model. Also, hematopoi- dr\” dr Ki

etic cells of different lineages often follow distinct patterns where p, is the pQ, K, is the oxygen permeability, an@,(P,) is the
of cellular arrangements (as discussed in the introduction ofolumetric oxygen uptake rate of thth cell layer, respectivelyR, and
the first part of the present two-part study). For exampleﬁu are Fhe distance from_ the center of the tissue cyIinFier tatthand
mature erythrocytes and megakaryocytes reside in the rdL* Dthinterface, respectively. We assume that p&the sinus wallR,)

. . ; . . equals the saturation oxygen tensiéh)(and that the oxygen flux is zero
gions close to the sinus, while erythroid and granUIOCytICWhen it reaches the boundary of the tissue cylindgy.(). There is

progenitors are found away from the sinus (Weiss, 1991)continuity of the oxygen flux and psat the interface between two layers.
Therefore, specific cellular architectures should be considThus, the boundary conditions are as follows.

ered separately.

N th layer

N-1 th layer

ETHODS

F

In light of these physiological considerations we have Py =Psatr =R, (at the sinus wall @)
modified the homogeneous Kroghian model to evaluate the dP, dP.,
effects of heterogeneity in cellular properties on,piistri- —K; ar - T Riergr at r=R
bution in the BMHC by dividing the extravascular tissue
into multiple cell layers with different metabolic and trans- (at the(i + 1)th interface) (3)
port characteristics (multilayer model). We have also devel-
oped a two-dimensional model to describe complicated Pi=Pi, at r=Ry,
cellular architectures that more closely approximate physi- (at the(i + 1)th interface) (4)
ologically significant cellular configurations in the hemato-
poietic tissue. Finally, we have modified the multilayer dPy

Kroghian model to simulate the g@istributions in colony-
type cellular arrangements, such as in erythroblastic islets,
granulocytic loci, and lymphocytic nodules. Simulation re-
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whereP; and P, are the oxygen tensions on the first axth cell layer,
respectively. Usind’s and R, as the characteristic oxygen tension and
characteristic length, and multiplying both sides of Eq. 1Ry, ,/Ps, the
dimensionless boundary value problem becomes

1 d(r*dpi QPR

rdr\Tar) T K P @ ©

(7)

Pi=1 at r* =g, (atthe sinus wall

dPy  dPiy,
Xii+ige = gre at r* =g,
(at the(i + 1)th interface
= Bin1
(at the(i + 1)th interface

(8)
Pf=P}, at r*
9)
dPy

d7=0 at rr=1

(10)

where ¢, is the Thiele modulus of théh layer, B; is the dimensionless
distance from the center of the tissue cylinder toithenterface, anc;; .,

is the ratio ofK; to K; , ;. The solution to this problem describes the reduced
oxygen tensiorP} at theith cell layer at a distance* from the center of
the tissue cylinder (Chow, 2000):

(at the rim of the tissue cylindgr

i—-1

Pir<) =1+ j_El[ajln(B?> +b(Bl, — Bf)]
i>]

i
+1

! 6“'”(?*3) 0= ) (11)
where
13, , i
q = EZBerl(Xm,j . d)m — Xm+1,j° (;bm+1) (12)
m=j

b = o7
=29 (13)
¢ = RN“\/Kj(?ijPS (14)

K
Xmj = k- (15)

whereQ; is a constant for each laygrNote thatdy.,, = 0 andBy.; =
1. Solutions for the cases of the one-, two-, and three-layer Kroghian model
are shown in Table 1.

Two-dimensional Kroghian model

An additional spatial dimension is considered to describe cellular archi-

tectures in which cells are arranged as a cluster, and the model formulation

of the two-dimensional Kroghian model is depicted in Fig. 2. A similar
model framework can be used to simulate the gidtributions of a cellular

TABLE 1 Summary of dimensionless solutions for the one-, two-, and three-layer dimensionless multilayer models

Constants
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Cs

2nd Layer i = 2) 3rd Layer { = 3) C, C,

1st Layer (= 1)
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Predominant Secondary Predominant Secondary
cell type cell type cell type cell type

FIGURE 2 Graphical representation of cellular architectures used in the two-dimensional Kroghian iottet $¢econdary cell type is located far away
from the sinus (far position);B) the secondary cell type is located next to the sinus (close positiGpfinite elements of the tissue cylinder.

other hematopoietic cells (for example, megakaryocytes or adipocyte % 6? ar* + WW = ? P

because they closely resemble the presence of a cell cluster in the tisstue 1 s

cylinder. Granulocytes are the predominant cell type in the BMHC (Chow .

et al., 2001), and thus are chosen to occupy most of the tissue cylinder. = 4’% (for the predominant cell type (16)
Other hematopoietic cell types such as megakaryocytes, erythrocytes, and

adipocytes are placed as a cell cluster at any desired location in thel ¢ 8P’§ 1 GZPZ Q. R,%Hl

extravascular tissue cylinder. We term these cells as secondary cell typ ar*(l’ ar*) + m TBZ = ? p

because the volume that they occupy is relatively smaller than that o C
granulocytes. The predominant and secondary cell types have distinct
cellular properties (as described by paramef@endK). The diameters of

the sinus R;) and the tissue cylindeR{,_,) in all models are maintained

the same so that simulation results (p@lues and gradients) can be where the Thiele moduli in the regions occupied by the predominant and
compared directly. An individual hematopoietic cell or a cell cluster of Secondary cell types are assumed to be constant, and are dendigdriyy
diameterd is placed next to the boundary of the tissue cylinder (far ¢ respectively. The first two boundary conditions used in the two-
position) or the sinus (close position) to evaluate differences op pO dimensional Kroghian model are similar to those in the homogeneous

distribution (Fig. 2,A andB). The distance between the centers of the tissue/<"oghian model. The oxygen tension at the sinus wall equals the saturation

cylinder and the cell cluster is denoted ky oxygen tension, and the oxygen flux is assumed to be zero at the rim of the
Using the characteristic oxygen tensidPs and characteristic length ~ tiSSue cylinder.

(Rn 1), the two-dimensional model is described in the following boundary- . N

value problem (in its dimensionless form): 1(r ) 9) =1 at r*= B1

arrangement with hematopoietic cells that are substantially larger tham g ( api) 1 32p*i Q. R12\1+1
r* —

= ¢3 (for the secondary cell type (17)
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(at the sinus wall (18)
* T Z
w =0 at r*r=1 Ist layer
dr*
(at the rim of the tissue cylindgr Sinus
(19) Extravascular

tissue (BMHC)
The other two boundary conditions regarding the continuity of oxygen
tension and oxygen flux at the interface between the regions occupied by
the predominant and secondary cell types are as follows:

dPi(r*, )  dP3(r*, 6)
XL T dre

(at the interfacg (20)

1(r*, 0) = P3(r*, 0) (at the interfack  (21) N th layer

where x, , is the ratio of the oxygen permeability coefficient of the

predomlnanF cell tYpe to that of seconqary c_eII Wé(r*_, 6) andP ‘(r*, FIGURE 3 Graphical representation of a region of hematopoietic tissue
0) are the dimensionless oxygen tensions in the regions occupied by thFerythrobIastic islet) surrounded by a network of sinuses.
predominant and secondary cells, respectively. The location of the inter-

face (i.e., the values of and 6) depends on the diameter of the secondary

cell type @ = d/Ry.,) and the distance between the centers of the tissue

cylinder and cell cluster§ = X/Ry.,). The solution of this class of 2

boundary value problems was obtained using the finite difference method 1 C“:)i d Pi - Q f heith | 22
(FDM) (Na, 1979), in which an overall pOprofile is generated by a T dr + dar? K, (for theith laye (22)
collection of finite elements representing average oxygen tensions in their

proximity (Fig. 2C). The tissue cylinder in the two-dimensional model is P

divided intoM X N elements with dimensionsr by r;;A6. The values of e 0 at r=R =0

cellular properties of these elements depend on their location on the tissulr

cylinder; in our model they can be the properties of either the predominant . .

or secondary cell type. Detailed calculations for the oxygen tension of each (at the center of the tissue cylinder(23)
element are shown in the Appendix.

Pi=P, at r=Ri

Oxygen tension distribution in colony-type (at theith interface  (24)

cellular arrangements

dP dP.,
In addition to the cellular configurations previously described, severaI_Ki dr = T Riq dr at r=Ry,
cellular architectures of the BMHC that are not well described by the
mathematical framework in the original Kroghian model are commonly (at theith interface} (25)

reported in the literature. Hematopoietic cells frequently form multilayer
clusters, which are surrounded by a network of sinuses in the BMHC. For
example, erythroblastic islets usually consist of one or two macrophages
surrounded by multiple layers of erythroid progenitors and mature eryth-
rocytes. The multilayer Kroghian model with suitable modifications can be
used to simulate this type of cellular architecture. This mathematical ) L )
formulation can also be applied to other cell clusters (granulocytic loci or. _Usmg Ps andRNH‘as .the charac_terlsnc oxygen tension and character-
lymphocytic nodules) or individual cells (megakaryocytes or adipocytes)'s_tIC Ien_gth, and multiplying both sides of Eq. 22 B§;,+/Ps, the set of
located in a well-vascularized region in the BMHC. dimensionless boundary value problems becomes

Using a similar model framework as described in Fig. 1, regions in the

Pv=Ps at r=Ry.

(at the rim of the vasculatuye (26)

k *
tissue cylinder can be reassigned with different physiological features in i dpi @ _ 9 Rf2\1+1 _ ¢2 (27)
the well-vascularized hematopoietic tissue (Fig. 3). First, the sinus radius r*drx  dr*?2 K, Pg
(Ry in the multilayer Kroghian model is assumed to be zero and the
oxygen flux at the center of the tissue cylinder is assumed to be zero. The dp*i
boundary conditions for the interfaces described in the original multilayer = 0 at r*= Bi= 0
Kroghian model still hold for this model. The network of sinuses around dr
the hematopoietic tissue can be modeled as a layer of vasculature that i .
completely surrounds the hematopoietic cells. For simplicity, the saturation (at the center of the tissue cyllnder (28)
oxygen tension at the interface between the sinus and hematopoietic cells
is assumed to be constant and equaPto For the cellular architecture Pf=P%, at r* =g
described in Fig. 3, the oxygen profile of each layer can be obtained by
solving the following set of boundary value problems. (at theith interface (29)
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dPf  dPfy,
Xii+igexr = gp* at r* =g,
(at theith interface (30)
Pyv=1 at r*=
(at the rim of the vasculatuye  (31)

Model parameters are defined in the same manner as in the multilayer
model. The solutions for each cell layer in one-, two-, and three-layer
dimensionless models are summarized in Table 2.

RESULTS
Multilayer Kroghian models

Among all possible cellular architectures in the BMHC, we
are interested in those of physiological significance. Based
on the differential counts reported in the literature (Table 2
in Chow et al., 2001), granulocytes are the most abundant
cell type in the BM. The oxygen uptake ratgof) of
hematopoietic cells, which varies the most among all bio-
physical parameters estimated from the literature, is ex-
pected to strongly affect the model simulation results. Ex-
perimental results from our group indicate that the oxygen
metabolism of granulocytic progenitors gGand mature
granulocytes () are substantially differengg, values of

Gp and G, are 6.49x 10 **and 2.2x 10 ** mol/cell/h,
respectively) (Collins et al., 1998). Therefore, we examined
pO, distribution in a tissue cylinder containing-@nd G,
assuming that all cellular properties except dgy, are the
same.

Results reported in the companion paper (Chow et al.,
2001) indicated that oxygen depletion occurs in a tissue
cylinder containing three layers of ,GTo demonstrate the
effects of the heterogeneity of cellular properties, we con-
sidered tissue cylinders containing three cell layers of gran-
ulocytes with an increasing number of layers of @aced
at different locations (the rest of the tissue was occupied by
Gw) (Fig. 4). Oxygen availability is reduced as the number
of Gp layers is increased. Oxygen is depleted when the two
outermost cell layers are occupied by.®ariations in pQ
are greater when the metabolically activg &e located
away from a sinus, which physiologically is the most likely
configuration (Chow et al., 2001). Among the cellular con-
figurations shown in Fig. 4, those withg@lose to the sinus
(GGG and GGpGy,) are less likely to be found in the
BMHC.

Two-dimensional Kroghian models

Based on the simulation results from the homogeneous
Kroghian model (Fig. 2 of Chow et al., 2001) and the
predominance of granulocytic cells in the BMHC, cellular
configurations with mature granulocytes in combination
with other cell types were constructed to examine how

Biophysical Journal 81(2) 685-696

TABLE 2 Summary of analytical solutions for the one-, two-, and three-layer models with modified boundary conditions

Constants
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1 | [ r*
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0 0.2 0.4 0.6 0.8 1
r* 11 ;
B. sidus
FIGURE 4 pQ profiles for the multilayer Kroghian model with granu- 1.0 u“eu
locytic progenitors (@) and mature granulocytes (. The cell types in U“i
the various combinations are listed with the first cell layer first, etc. 0.9 /’ 5|\ \
TN —
N
i - L s
heterogeneities of cell type and cell location affect,pO p* :y Mk @
distribution. G, instead of G was chosen as the predomi- 07
nant cell type because hematopoietic cells or cell clusters 06
with a larger¢ value can be placed in the extravascular ' &
region without the occurrence of oxygen depletion. In real- 0.5 ]
ity, the BMHC may contain granulocytes of various stages X R n
of differentiation; however, we focused on mature granulo- 04 - ——— =
cytes for computational simplicity. Tissue cylinders with 10 03 A A I
cell layers of G, were simulated because it has been re- 10 08 06 04 02 0 02 04 06 08 10
ported that as many as 20 hematopoietic cells can be found r*

between two neighboring sinuses (Lichtman, 1984).

In our model. three different Secondary cell types FIGURE 5 pQ profiles for two-dimensional Kroghian models at the far
’ (A, € = 0.736) and closeR, ¢ = 0.292) positions for mature granulocytes

megakaryocytes (Mk) (1 _Ce” dlameted)z = 0'396); (Gy) as the predominant cell type and a megakaryocyte (Mk) as the
erythrocytes (E) {8 cell diametersg, = 1.846); and  secondary cell typeR, = 5 um, R, = 180um, B, = 0.0278,8, = 1, b, =
adipocytes (Ad) (1 cell diameterp, = 0.047), were 0.652,4, = 0.396,5 = 0.528).

considered. These cells were placed near the sinus or near

the boundary of the tissue cylinder occupied solely by

mature granulocytesh; = 0.652) (Figs. 5-7). The thick-

ness of the extravascular tissue is 1 and the sinus TABLE 3 Oxygen tensions at the rim (Pg,) of tissue cylinders

radius is 5um, giving 0.0278 asB_l and a corresponding occupied by mature granulocytes and other hematopoietic
¢bmax Of 0.805 for homogeneous tissue. The homogeneougell types (R, = 5 um and R, = 180 um)

tissue cylinder filled with G, was used as a reference
case for comparisondftted ling. The presence of a
megakaryocyted = 0.528,¢, = 0.396) near the rim of

Far Position* Close Position*

Secondary cell type  Point A Point B Point A Point B

the tissue cylinder causes a slight asymmetry of, pO Megakaryocytes 0.37 0.39 0.37 0.37

profiles, with pQ levels in the vicinity of the megakaryo- igthmytgs 004-13;3 005-)24 0043;3 005?31
; : : : : - ipocyte! . . . .

cyte higher than those in regions diametrically opposite Granulocytes 0.35 0.35 0.35 0.35

to it (Fig. 5A). The oxygen tensions at the rim of the _ . .

tissue cylinder IP*Rz) at pointsA andB are 0.37 and 0.39, *Thg_ secondary cell typg is located elth_er far away from the sinus (far
tively, which are fairly similar to those of the position) or next to the sinus (close position).

respec Y y o "Note that the close and far positions are equivalent due to the large size of

homogeneous mature granulocytic tissB&{ = 0.35for 4 adipocyte.

both positions) (Table 3). The location of the megakaryo-*No secondary cell type.

Biophysical Journal 81(2) 685-696



692

i

[ ji\
i

i)
Y i

04 A e ; S

03 S B

0.9

P

0.8

————

P* 0.7

0.2

0.9

0.8

P*0.7

0.6

0.5

0.4 A ,2’11

btz

0.3

0.2
10 08 06 04 02 0 02 04 06 08 10
r*

FIGURE 6 pQ profiles for two-dimensional Kroghian models at the far
(A, ¢ = 0.819) and closeR, ¢ = 0.208) positions for mature granulocytes

(Gw) as the predominant cell type and erythrocytes (E) as the secondary

cell type R, = 5 um, R, = 180 um, B, = 0.0278,8, = 1, ¢, = 0.652,
¢, = 1.846,6 = 0.361).

cyte relative to the sinus has a minimal influence on the

pO, distribution (Fig. 5B). The presence of an erythroid
cluster § = 0.361,¢, = 1.846) results in a steeper pO

gradient in its proximity, especially when it is away from

a sinus (Fig. 6A). Oxygen tensions are slightly lower
than the reference case and p@rofiles become more

symmetric when the erythroid cluster is placed next to the

sinus (Fig. 6B and Table 3). pQdistributions of hema-

topoietic tissue containing mature granulocytes and an 0.0 ! A '

adipocyte § = 0.972,¢, = 0.047) are highly asymmetric
(Fig. 7). TheP%, values at pointé andB for this cellular

architecture differ by 34% (Table 3). Oxygen tensions are

much higher than the reference case and p@dients

Chow et al.

1.0

0.9

0.8
P*

0.7

0.6

0.5

04 =] -
1.0 08 06 04 02 0 02 04 06 08 10
r¥*

FIGURE 7 pQ profiles for two-dimensional Kroghian models for ma-
ture granulocytes (z) as the predominant cell type and an adipocyte (Ad)
as the secondary cell typB(= 5 um, R, = 180 um, B, = 0.0278,3, =

1, ¢, = 0.652,¢, = 0.047,86 = 0.972,¢ = 0.486).

pO, distribution in colony-type
cellular arrangements

Using the equations shown in Table 2 and model parameters
described in the companion paper (Chow et al., 2001), the
pO, distribution in an erythroblastic islet (a macrophage
surrounded by two layers of erythroid progenitors and four
layers of mature erythrocytes) is shown as in Fig. 8. Hema-

Mature erythrocytes

Erythroid progenitors

Macrophage
Pg*
i Center Sinus
1.2 —— T —
1.0

0.2

1 08 06 04 02 0 02 04 06 08 1
I-*

FIGURE 8 pQ profile for an erythroblastic islet in the multilayer
Kroghian model with modified boundary conditionR,(= 80 um, B, =

progressively increase in the angular direction from thep 1948, = 0.632,8, = 1, ¢, = 0.666,¢, = 2.23,¢5 = 1.51,y; , = 2.01,

adipocyte (Fig. 7).
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Sinus Center Sinus only one cell type._ The simulation results show_thatzpﬁ)

T —— the center of the tissue cylinder drops substantially with an
A. increasing number of cell layers. Simulated jpdistribu-

1.0 tions in the lymphocytic nodules (using the maximum re-
portedqg, value for all lymphocytes) indicated that oxygen
limitation does not occur even for the lymphocytic nodule
of a considerable size (35 cell diameters) (this is consistent
with the fact that lymphocytic nodules of a diameter ranging

2 layers (3 cell dia.

0.8 4 layers (7 cell dia.

%
P 06F T from 80 to 1200um can be found in the BMHC). However,
granulocytic progenitors in the granulocytic locus experi-
0.4L 6 layers (11 cell dia.) . ence oxygen depletion when they are only 6—7 cell diam-
eters away from the sinus.
02 1
ool . . . . .. DISCUSSION
1 08 06 04 02 002 04 06 08 1 Effects of heterogeneity in cellular properties
¥ and variation in cell location
Sinus Center Sinus Because the hematopoietic extravascular tissue is heteroge-
. ¥ T neous and complex in nature, we used more sophisticated
51 0 cell di models to examine hqw the coexistence of cglls _V\_/lth dif-
1.0 ayers (9 cell dia.) ferent cellular properties affects oxygen availability. To
minimize the num_ber of cellular architectures considered,
os 1 we focused on a simple model framework with granulocytes
in which increasing layers of granulocytic progenitors were
06l 15 layers (29 cell dia.) : placed near the sinus or close to the rim of the tissue
cylinder, and examined changes in pdistributions in the
04k J multilayer Kroghian model (Fig. 4). Because cellular prop-
erties of a particular region in the tissue cylinder can
strongly influence the overall pattern of p@rofiles, the
0z A pO, level and gradient experienced by individual cells are
18 layers (35 cell dia.) interrelated and strongly depend on characteristics of other
0.0 ——+——"—" cells present in the BMHC. Simulation results show that the
108 06 04 02 (;*0'2 04 06 08 1 position of a cell layer is also crucial in determining the

pattern of pQ profiles because the tissue volume occupied
FIGURE 9 pQ profiles for (&) granulocytic loci and &) lymphocytic by a cell layer nexF to the sinus is considerably smaller than
nodules in the multilayer Kroghian model with modified boundary condi- theé volume occupied by a cell layer farther away from the
tions (¢, values for granulocytic loci of 3, 7, and 11 cell diameters are sinus. Thus, oxygen demand by cells in the outer region of
0.516, 1.20, and 1.89, respectively; values for lymphocytic nodules of g tissue cylinder affects the QOjistribution more than

9, 19, 29, and 35 cell diameters are 0.488, 1.03, 1.57, and 1.90, respeE)-Xygen utilization by cells in the inner region
tively). )

Effects of cylindrical asymmetry

topoietic cells at the outermost cell layer of the tlssueorI pO, distribution

cylinder experience the steepestpgdadient, while varia-
tions in oxygen availability at the center of the tissue cyl-In general, pQ profiles in the two-dimensional model are
inder are minimal. Among all cells present in the erythro-characterized by their asymmetry and localized variations in
blastic islet, the macrophage experiences the lowest pOpO, distribution. The simulation results also indicate the
Even though the size of tissue region considered (@i®r  importance of diffusion in the angular direction relative to
13 cell layers in diameter) is substantially larger than thosehe secondary cell type. The degree of asymmetry in the pO
simulated in the multilayer model, oxygen depletion doegdistribution depends on the difference betwegnand ¢..
not occur due to the abundant oxygen supply from theThe presence of erythrocytes in the tissue cylinder occupied
surrounding vasculature. by mature granulocytes is associated with a localized reduc-
Oxygen tension distributions in granulocytic loci (Fig. tion in pG, levels because, (erythrocytes) is about three
9 A) and lymphocytic nodules (Fig. 9 B) of different diam- times higher thanp, (mature granulocytes) (Fig. 6). How-
eters were estimated using a similar model formulation withever, a megakaryocyte or an adipocyte with a lower
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value causes an increase in oxygen availability in its proxwith very low pO, levels (almost anoxic) because this
imity (Figs. 5 and 7). In particular, substantial changes inprevents oxygen radicals from damaging these important
pO, levels result from the difference i values of the cells, which are at a limited supply (unlike more differen-
adipocyte and mature granulocytes, (s ~14 times lower  tiated cells) and probably have limited self-renewal capa-
than¢,). In addition, differences in the size of the second-pility. Also, the presence of oxygen is likely to induce cell
ary cell or cell CIUSter&) and its |0cati0n§) also contribute Cycling (assuming the presence of other nutrients and Cyto_
to variations in the p@distribution. The total oxygen con- kines), while most stem cells are non-cycling. Therefore,

sumption of the secondary cell type correlates with the sizg, e differentiated hematopoietic cells are most likely to be
of the cell cluster (Chow, 2000), and the location of the¢y ,nq near the sinus.

secondary cell type strongly affects the localized changes in
pO, gradients (Fig. 6).

. . L Model formulation
Physiological implications
G locvi it i t likel . | The original Kroghian model is not able to fully describe
ranuiocytic progenitors will most Tikely eXpenence oW qq|yjar architectures, in which multiple cell types exist in a
pO, even three to four cell diameters away from a sinus

. . : . ..cylindrically symmetric or non-symmetric manner. Other
(Fig. 4) (six to seven cell diameters for granulocytic loci in : . . .
a well-vascularized region (Fig. A). This is consistent resear_chers have investigated avarlety of a_lternatlves to the
with the findings that low pQ (in contrast to higher pg Kroghlan model__to account for non-idealized geometry
promotes the expansion of both granulocytic progenitors(Ba"ey' 1967 P||per, 1992) and more complex capillary
and more differentiated granulocytes (Hevehan et al., 200c"angements (Caligara and Rooth, 1961; Grunewald, 1973;
Smith and Broxmeyer, 1986). The simulated results deMetzger, 1969, 1973; Secomb et al., 1992). We proposed a
scribed in Fig. 4 represent a typical p@istribution of a ~ Multilayer Kroghian model to examine tissue cylinders with
composite tissue, whereby the metabolically active celloncentric rings of mature granulocytes and granulocytic
located farther away from the sinus (rather than near th@rogenitors around the sinus. This model provided us with
sinus) would cause lower pQevels in their proximity. Not & simplified picture of the pQdistribution in a heteroge-
only can this simulated result be applied to granulocyticneous cell-type situation, which can serve as a reference for
progenitors, but it can also be generalized for any progenitocomparison to a two-dimensional model. In addition, sim-
cell type (erythrocytes and megakaryocytes). This agreeslation results can be used to eliminate cellular architectures
with the finding that low pQ promotes the expansion of that are physiologically unrealistic (for example, extensive
hematopoietic progenitor cells such as burst-forming-unitoxygen depletion), thus minimizing the number of cases
erythroids (BFU-E; Koller et al., 1992; Rich and Kubanek, that must be considered in the two-dimensional Kroghian
1982), colony-forming-unit  granulocyte-macrophagesmodel.
(CFU-GM; Hevehan et al., 2000, Laluppa et al., 1998), and BM microphotographs show that most cellular ar-
colony-forming-unit megakaryocytes (CFU-Mk; Laluppa et rangements are not cylindrically symmetric. Thus, the

al., 1998). two-dimensional Kroghian model is a logical extension

‘Our simulated results shown in Fig. 8 are also consisteng¢ the multilayer heterogeneous model. It allowed us to
with the physiology of an erythroblastic islet. The large oy i5re more complex cellular architectures, which more
(12-50 ’_*m) macrophgge at thg center of th? islet 'S,aclosely mimic physiological cellular arrangements, in
metabolically very active pell (Rich, 1986), which experi- terms of the number of cells and their locations. It is
ences the lowest pfn the islet. It has been shown that low interesting to note that deviations from the profiles of the

O, enhances erythropoietin (Epo) production by macro- . T :
Ehazlges which arv)a/ a sgurce of(egtrzar?anal Epo (Ri)((,h 1988 lomogeneous Kroghian model are less significant in the

The macrophage is surrounded by primitive erythrocytes vyo-d|menS|pnaI model than m_the multilayer model.
which is consistent with our findings that low p@romotes Finally, to simulate cellular architectures whereby cells
maintenance and expansion of erythroid progenitor@row in colqny-llke structure_s (erythroblastic islets, gran-
(BFU-E) (Koller et al., 1992). The mature erythrocytes areu!ocytic loci, and lymphocytic nodules), we used a mod-
located at the outer periphery of the islet and against thdi€d cylinder model without a sinus in the center but
sinus wall, which is the area with the highestp@lues of rather surrounded by sinuses on the outer periphery. In
the islet. This is also consistent with our findings that higherconclusion, not only does this study provide an insight
pO, promotes erythroid differentiation (La luppa et al., into how the model formulation affects predicted oxygen
1998). availability in the extravascular hematopoietic tissue, but

Although the reasons why hematopoietic cells in theit also serves as a paradigm for mathematically estimat-
BMHC arrange in such an organized fashion remain uning pQ, distribution in tissues with multiple cell types
clear, we speculate that stem cells are located at the regiand non-uniform cellular architectures.
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APPENDIX

In the finite difference method (FDM), the mass transfer equation applying
to elementi( j) (Egs. 16 and 17) can be approximated with finite differ-

ences defined as

aP* Pl — Plia
arx 2Ar* (A1)
82P* P’i\:j-%-l + P’ik,j—l - ZPT,]
ar*z = AI’*Z (A2)
GZP* ’i\——l,j + P?+l,j - ZPT,]
We thus obtain the following equation:
Pl + Pl — 2P}, L Pliv— Plim
Arx2 i 2Ar*
1 P*—l,' + P*+l,' - ZP*:
trao ae % (A%)

i

which can be rewritten in terms of constaal$, b;;, ¢;;, andd;;.

iE

&Pl + byPY 1+ (P + Pl — Pl = d

(AS)
]
Ar* 2Ar* |
ai,j = r*' 2 1 T (A6)
1) T
2[ Ar*) AR
i\ o]
Arx) — 2Ar* |
bi,j = r*\2 17 (AT)
ij
ZKAr*) MY
1
AQ?
Cij = %\ 2 1 (A8)
]
2 (50s) + 51
2, 2
4 = Wi (A9)
]

S (M), L
Ar* AG?

695

Pun* — Poys* _
%ZO f0r|=1,...J\/I

(at the rim of the tissue cylinder  (Al1)

The boundary value problem (Egs. A5, A10, and A11) can be written as
AX=B (A12)

whereA is an (N, by N,o) matrix containing coefficients on the left-hand
side of Eg. A5 and the boundary conditior, is an (,,; by 1) matrix
containing coefficients on the right-hand side of Eq. A5 and the boundary
conditions, an is an (N, by 1) matrix containing all the oxygen tensions

on the mesh. Oxygen tension of each element is calculated using the
least-squares method in the MATLAB software package (MathWorks,
Natick, MA).

This work was supported by National Institutes of Health Grant
R0O1HL48276.
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